Introduction: Changes in socio-economy and climate are affecting the demand of wood products globally. At the same time, society requires that forest supporting structures like biodiversity are maintained and preserved while the demand for wood products is also covered. Management support systems, like forest simulation models, that are able to analyze connections as well as quantify trade-offs between forest structure management and biodiversity indicators are highly sought. However, such models are generally developed for the local plot or stand scale only and ecosystem-scale analyses are missing. In this study, we analyzed ways to interpret results from the single-tree forest simulator SILVA from the local to the ecosystem scale. We also analyzed the impacts of forest management on biodiversity using two species diversity indicators, the species profile index and the species intermingling, for scenarios adapted from the GLOBIOM model in the case study "Augsburg Western Forests", a high productive region in South-Germany. In order to evaluate diversity tendencies across the ecosystem, we applied a moving window methodology. Results: The relevance of scale for the interpretation of management effects on species diversity was shown and clear differences between scenarios revealed. The differences between scenarios were particularly visible when comparing the two diversity indicators, especially because the species profile index focuses on vertical and horizontal information and the species intermingling focuses mainly on horizontal structures. Under a multifunctional scenario, biodiversity values could be preserved at all scales in the vertical dimension. However, under a bio-energy-oriented scenario diversity at the local scale was reduced, although at the ecosystem level, and only in the horizontal dimension, diversity remained at relatively high values. Conclusions: With this work, we can conclude that integrative modeling, with multiple scenarios, is highly needed to support forestry decision making and towards the evolution of forest management to consider the ecosystem scale, especially when the optimization of diversity is a management priority.
Introduction
There is an increasing consensus among ecologists and resource managers that landscape management needs to become more sustainable , and despite many ongoing debates, multifunctional management needs to be improved and its ecological value promoted (Jactel et al. 2017) . However, there is a growing demand of wood products making wood production, still a pivotal provisioning ecosystem service, which has a great economic importance and is the main service that allows forest enterprises to remain profitable (Hurmekoski et al. 2015; O'Brien and Bringezu 2018) . Thus, the prioritization of wood production and the intensification of productive ecosystems, which often threatens to harm species diversity, need to be carefully analyzed . Although not all ecosystems need to be multifunctional, it is essential to modify current forestry planning to secure both timber yield and biodiversity (Dieler et al. 2017) .
Whereas in other parts of the world plantations for intensive wood production are separated from forests for conservation of biodiversity or recreation, European forests aim at integrating a multitude of different functions in the one area (Pretzsch 2009 ). In the last century, many European regions have intensified forestry and agriculture practices prioritizing the short-term economic benefits of the landowners. However, the importance of maintaining multiple ecosystem services is being increasingly recognized (Food and Agriculture Organization of the United Nations 2003), and studies and discussions about it have emerged to become one of the most pressing and relevant subjects in environmental management (Bengtsson et al. 2000) .
Sustainable forest management (SFM) is nowadays widely accepted as the main goal for forest policy and practice (Barbati et al. 2014) , and due to their ecological and socio-economic importance, management practices often integrate the sustainable supply of given ecosystem services (Laginha Pinto Correia et al. 2017; Paquette and Messier 2011) . Management creates forest structures that at the same time influence species diversity. However, species diversity also influences multiple ecosystem services (Pretzsch et al. 2008; Pretzsch and Schütze 2009) , although these intrinsically associated interactions are very complex as species diversity plays an important role at many levels of the ecosystem service production (Triviño et al. 2017) . Even if research on the influence that ecosystem management has on species diversity has addressed this integration for two decades, a full integration that makes predictions relevant to practical problems is still lacking (Grimm et al. 2017) . Investigating the relationship between species diversity and ecosystem, multifunctionality should enable more efficient trade-offs between forest exploitation, ecosystem functioning, and environmental conservation (Laginha Pinto Correia et al. 2017) . Thus, much remains to be learned about the relationships between biodiversity and ecosystem functionality (Mori et al. 2017) , and the overall importance of biodiversity for the integrated functioning of ecosystems remains unclear (Lefcheck et al. 2015) .
There is a growing number of studies which quantify and study biodiversity and connect biodiversity with forest parameters. For example, Gamfeldt et al. (2013) shows that, using results from boreal and temperate production forests, the relationships between tree species richness and multiple ecosystem services are positive to all ecosystem services. Moreover, increasing biodiversity has been put forward as an important factor for risk reduction and adaptation strategies in the face of climate change (Forrester et al. 2016) . Elmqvist et al. (2003) and after him Cavin et al. (2013) also claim that the maintenance of species diversity means to promote ecosystem resilience in the face of environmental change (Folke et al. 2004) .
One of the main recognized indicators for biodiversity is forest age structure. The structure created by trees becomes increasingly more relevant with age, supporting additional structures created by associated individuals, thus support greater species richness, abundance, and functional species diversity (Díaz et al. 2012) . Nevertheless, other variables than stand age, like tree species composition, tree size, and vertical and horizontal structures, have been documented to have a significant impact on biodiversity (Laginha Pinto Correia et al. 2017) .
Meanwhile, management needs to be more flexible and use novel measures, like predictions from forest models, to face large uncertainties (Mori et al. 2017) . Examples like Lämås and Eriksson (2003) and Triviño et al. (2017) ) show how it is possible to increase non-timber objectives. Therefore, in theory, it is possible to optimize the trade-offs between different objectives by applying diversified forest management planning at the ecosystem level, although, maintaining simultaneously high levels of several non-timber and timber objectives.
Further complexity adds on, as proper implementation of sustainable forest management will depend on an acceptable balance between the economic, ecological, and the social ecosystem services (Corrigan and Nieuwenhuis 2016) . Considering the substantial contributions of forest ecosystem services to global society (Thompson et al. 2011 ) and the wide biodiversity that forests support, forest sectors including stakeholders, i.e., practitioners and scientists, have significant responsibility for the integrity and sustainability of future societies (Mori et al. 2017) . Identifying their preferences and perceptions in the forest sector is also very important for understanding possible sources of conflict in the context of a changing management strategy (Grilli et al. 2016 ) and key to fulfill the growing need to develop methods for a more integrated and adaptive governance (Mooney et al. 2005 and Palacios-Agundez et al. 2014) .
However, it is yet a challenge to use, develop, and/or adapt such support tools that are able to model and account for multiple complex interactions (Triviño et al. 2017 ). Forest growth simulators, which are applied as standard tools for forest productivity planning, arise as essential tools in practical forestry and forest research. Yet, although they can integrate some ecosystem services beyond wood production in their systems, they just begin to be used also for multifunctional planning (Biber et al. 2015; Fahlvik et al. 2014) . Thus, simulators and the software tools that investigate how multi-objective simulations under different forestry strategies affect species diversity will serve managers to plan and direct their management strategies being able to consider for the provision and maintenance of biodiversity.
Forest ecosystem management relevance and implications
Patterns and relationship analysis with respect to biodiversity may have very different interpretations depending on the considered scale. For example, biodiversity effects at large spatial scales in ecosystems are demonstrated in Oehri et al. (2017) to be at least as large as the ones reported from small-scale experimental systems. Moreover, forest biodiversity conservation can be achieved, not only considering approaches from the establishment of large ecological reserves at large scales but also through the maintenance of individual forest structures at the smallest spatial scale (Lindenmayer et al. 2006) . Johst et al. (2011) states the importance of considering both spatial and temporal landscape attributes when designing conservation measures in dynamic ecosystems. On the one hand, all services may not be maximized similarly within the landscapes across the whole sample region (Gamfeldt et al. 2013) . For example, for temperate forests, SFM may need to analyze whether within-stand habitat heterogeneity may enhance biodiversity, which would help them to decide whether to apply fine-grained uneven-aged management over more traditional coarse-grained even-aged management (Schall et al. 2017) . On the other hand, many ecosystems are characterized by continuous changes in habitat structure affecting spatial and temporal habitat heterogeneity, which produces habitat fragmentation and destruction (Laginha Pinto Correia et al. 2017 , Snäll et al. 2015 .
The biggest overall change to model across ecological levels is, according to Grimm et al. (2017) , to think how ecosystem characteristics emerge from characteristics of the individuals and then aggregate them into the ecosystem level. This is highly relevant in this study, in which differences between species diversity may have very different interpretation from the local (inventory plot level) to the ecosystem.
Objectives
This work has been developed within the frame of the GreenFutureForest project (BiodivERsA: GreenFutureForest 2016) which strives for new insights for forest planning by upscaling these methods to the landscape level. Specifically, this project is a first step towards this goal. Thus, its main objective is the simulation of management scenarios that integrate objectives from different ecosystem services, typical from Central European forests under high urban pressure, and, as a consequence, study the impacts that these have on forest diversity supporting structures (Haines-Young and Potschin 2018).
Precisely, with this work we introduce the simulation of forest structures from central European forest types for assessing potential biodiversity: (1) promising species diversity indicator calculations, like the species profile index (spi) and the species intermingling, will be performed for a large case study region, Augsburg Western Forests (AWF) in Southern Germany. 2) Two realistic management scenarios, adapted from the GLOBIOM model, will be simulated: a multifunctional scenario, which focus on multiple ecosystem services and bio-energy scenario, which focus on timber production for energy use. 3) Conclusions for management will be drawn depending on the structural parameters achieved for each scenario, with special look at implications at the forest ecosystem scale.
Methods

Data
Augsburg Western Forests
The Augsburg Western Forests (AWF) case study region is located in the federal state of Bavaria, in Southern Germany, to the west of the city of Augsburg (Fig. 1) . The case study region is a so called "Nature Park" (German: "Naturpark"), which is a legally defined region, where a permanent environmentally friendly land use is strived for and where recreation and/or tourism are important, especially due to the proximity to the city of Augsburg. This is a strong argument for maintaining high biodiversity. At the same time, the region is among the most productive forest regions of Germany which made artificially established Norway spruce (Picea abies, L.) stands the predominant forest type, while deciduous stands would be dominating without human interference. Insofar, this region is a classic example for potential conflicts between ecosystem services like timber production and supporting structures like biodiversity.
The region is characterized by a gentle hilly landscape and divided by the streams Schmutter, Neufnach, and Zusam into gently undulating plateaus and flat interfluves. It is part of the tertiary hills between the Danube and the Bavarian Alpine Foreland. Covering approximately 120,000 ha, 43% is covered by forests and 55% is a protected landscape area (see more details in Tables 1  and 2) .
With a mainly oceanic climate with hints of continental in the river valleys, the average temperature during growing season (May-September) is 14-15°C, although it presents a warmer climate at the bottom of the river valleys (Lech/Danube). The average precipitation minimum is found in the Danube valley (650 mm), while the maximum precipitation is found in the southern side of the site (900 mm). As it is common in Bavaria, the main wind direction comes from the west.
Inventory data
Two sets of inventory data were available for this study: inventory data from the Bavarian State Forest Enterprise (in German BaySF) and the Federal Forest Inventory (in German BWI) (BWI 2017; Polley 2014) .
BaySF data are acquired in 2010 on a dense grid (ca. 100 × 100 m), on the forest enterprises of Zusmarshausen und Ottobeuren. Additionally, plots from the federal forest inventory (2 × 2 km grid) are used in order to complete information on private forest. Tree species, individual tree location, diameter at breast height (dbh), and height information are available for both data sets.
In Fig. 1 BaySF inventory plots (green) and BWI (black) are displayed. Note that the location of the BWI is due to data protection only approximate. For a detailed analysis of the results, we have selected two interesting and differentiated subsets, displayed by red squares in Fig. 1 . The northern area corresponds to Zusmarshausen, which is characterized by permanent cover forestry with enhancement of species mixtures, and the southern to Ottobeuren, which is characterized by a rather conservative management with a strong focus on monocultures and timber production.
Scenario simulation
Forest growth simulator SILVA SILVA has been developed since 1989 at the Chair of Forest Growth and Yield in the Technical University of Munich. The main purpose of the simulator is to offer practitioners support in the sustainable management forests. SILVA is a single-tree-based model. It is distance-dependent (tree positions matter) and age-independent. Simulating time scale is from 5 years up to a rotation period.
SILVA (Pretzsch et al. 2008 (Pretzsch et al. , 2002 ) is used as a standard planning tool on the 800,000 ha forest area owned by the federal German state of Bavaria. It is valid for the most important tree species in central Europe in pure and mixed stands. With local adjustment, e.g., based on inventory data, it can be tuned for about 80% of the central European forests. The simulator has been developed based on a unique dataset of long-term experimental plots with 150 years of history. It simulates growth of single trees in forested conditions. As the competition among trees is evaluated in a spatially explicit way, the model can cover a broad range of existing and also novel silvicultural concepts. SILVA can simulate for even-aged as well as for uneven-aged mixed and monospecific forests. A schematic representation of different SILVA simulations is displayed in Fig. 2 . The model can be applied stand-wise, but also on ecosystem level where grid-based forest inventory data are available. For this study, the initial stand structure was based on inventory plot data. To limit the computational effort per simulation run to the required level, we refrained from simulation on a per-plot basis. Instead, we aggregated inventory plots of similar characteristics into virtual stands of only a few hectares to efficiently represent much larger ecosystem subunits. To that end, we formed one plot set per virtual stand. Each plot set was defined by species composition, tenure type (private vs. state or community owned forest), and a tree size class. Species composition was exclusively given as the dominating species, if that species had a stand basal area proportion of at least 90%. If, otherwise, one species had a basal area share of at least 55%, that species was defined as the dominating one. Under that precondition, if at least one from the remainder species had a basal area share of at least 20%, that species was defined as the admixed species. If, however, no such species existed, an admixed species group (coniferous, deciduous) was defined. That group was given as the one of largest basal area share if both the coniferous and the deciduous group were formed from the non-dominating species. Inventory plots that had no tree species with a basal area share of at least 55% were assigned to a dominating species group only, given as the one of larger basal area share. If both the coniferous and the broadleaved group had identical share, the broadleaved one was selected. In order to classify plots by their developmental state, we defined the tree size class as class of the average diameter weighted by species and tree height (Table 3) .
Later, the single-tree results coming for each stratum were re-assigned back to the inventory plots and differentiation indexes calculated. Ecosystem results were obtained by interpolation between inventory plots.
Frame scenarios from the GLOBIOM model
The scenarios used in this study were based on Global Biosphere Management Model GLOBIOM ) designed by the International Institute for Applied Systems Analysis (IIASA). GLOBIOM is a global recursive dynamic partial equilibrium model of the forest and agricultural sectors, where economic optimization is based on the spatial equilibrium modeling approach (Havlík et al. 2014) and is used to analyze the competition for land use between agriculture, forestry, and bio-energy, which are the main land-based production sectors. As such, the model can provide scientists and policymakers with the means to assess, on a global basis, the rational production of food, forest fiber, and bio-energy (Nordström et al., 2016) and can be used to explore the various trade-offs and synergies around land use and ecosystem services .
The scenarios proposed in GLOBIOM must be adapted to the scale of this work. For this reason, two management scenarios that follow the GLOBIOM principles were defined and adapted for the test site AWF, integrating contrasting objectives in terms of ecosystem services: (a) bio-energy and (b) multifunctional. The bio-energy scenario focuses on the production of timber. It has been defined considering a rapid development of the European bio-energy sector; forest harvests are both driven by the increasing demand for bio-energy and the foreseen increasing demand for woody materials (this increases the demand for both timber and pulpwood). The We have simulated 50 years (in ten periods) for each scenario. The scenarios vary the forestry in terms of tree species composition (e.g., purely coniferous, various mixed forests, broadleaved forests) and management (e.g., even-aged forestry with clearcutting, continuous-cover forestry with selective cuttings). Thus, two distinct management regimes have been applied. For the bio-energy scenario, we applied a thinning from below starting at 12 m height and extracting max 30-60 m /ha for conifers and 70 m 3 /ha for broadleaves, and a target diameter felling and tending in the harvest phase starting at 30 m height, removing max 140 m 3 /ha for conifers and 70-80 m 3 /ha for broadleaves. All operations were also applied every 5 years. Exact details about the specific thinning and harvesting operations can be found in Tables 4 and 5 .
Biodiversity: forest species diversity indicators
Spatial structure, which is the horizontal and vertical spatial arrangement of individual trees and other plants at a given point in time, determines the integrity and stability of a forest to a large extent (Pretzsch 2009 ). In comparison with direct quantitative measurements of biodiversity, stability, or sustainability, the use of structural parameters is advantageous as the data can be collected rapidly or already exists in forest inventory data. Moreover, current knowledge indicates that the diversity of the plant and animal species present increases with increasing structural differentiation (Pretzsch 2009) . In this work, we have tested two differentiation indexes: species profile index and species intermingling index by Füldner.
Species profile index (Pretzsch 2009)
Species profile index A for species profiles (Pretzsch 1995) , outlined below, is based on the Shannon and Weaver (1948) diversity index. In addition to the proportion of the species within a stand, index A takes into account the presence of these species in different height zones (Pretzsch 2009 ):
where S represents the number of species present, Z the number of height zones (three in this example), N the total number of individuals, n ij the number of individuals of the species i in zone j, and p ij the proportion of a species in the height zone p ij = n ij /N. The number of individuals of species i in zone j is counted. By calculating the sum of the products of the proportion of a species and the logarithmic proportion of that species for i = 1 − S, and for the height zones j = 1 − Z, one obtains an index that quantifies the overall species diversity and the vertical spatial occupancy of the species present in the forest stand. In Fig. 3 , a schematic representation for three forest conditions is shown, with potential values for a mono-layered stand of Norway spruce, a two-layered stand of Norway spruce and European beech, and multi-layered, typical mountain mix stand of Norway spruce, European beech, and silver fir. Füldner (1996) (Pretzsch 2009) The species intermingling index M i by Füldner (1996) describes the spatial structure of the species mixture in a stand. Index M i is defined as the proportion of neighbors of another species:
Species intermingling index by
where i is the center tree, j refers to the neighboring trees j, j = 1, …, n, and n represents the number of neighbors included in the analysis. The parameter v ij :
v ij ¼ 0; if neighbor belongs to the same species as central tree i 1; if neighbor belongs to a species differenct from central tree i
is a dual discrete variable that takes the value 0 when the neighbor considered j belongs to the same species as the center tree i.
Diversity from inventory plot to ecosystem level: growing window analysis
We have estimated mean parameters for the species profile index and the species intermingling using a growing window, which is always initiated over forested area. The window has an initial size of 100 m 2 , and it grows in steps of 10 m 2 until it reaches the maximum side of the ecosystem unit. In each step, we calculated the mean, the maximum, and minimum value for each resolution (scale) unit. We have repeated the procedure with six different random initial locations.
We performed this analysis in two very different areas or the test site: Zusmarshausen, in the north part, with 3447 ha, as an example of a diverse unit and Ottobeuren, in the south, with 1283 ha and under management that enhances more intensive thinning and single species (coniferous), and therefore, a priori, not as diverse as the rest of the enterprises in the test site.
We use this analysis as a proxy to the estimation of diversity in the scales equivalent to alpha (< 100 ha), betta (> 100 ha), and gamma (comparison between ecosystem units) diversity. We also show the different interpretations that species profile index and species intermingling can offer and how they can complement each other for diversity management at the ecosystem scale. 
Results
Structure differentiation indicators and scenarios
After a simulation period of 50 years and with 394 strata defined, the mean values for both species profile index and species intermingling showed distinctive trends. The mean values are shown in Fig. 4 for the species profile index and Fig. 5 for the species intermingling. In the case of species profile index, we observed how the multifunctional scenario, in blue, which during the first 15 years maintained stable levels achieving its maximum between 15 and 30 years, later became very stable again. In contrast, the bio-energy scenario, in black, showed an abrupt decrease at the beginning of the management simulation to later continuing decreasing at lower rates. In the case of species intermingling index, both scenarios decreased in comparing to the original state, being very similar for about 15 years, when for the multifunctional starts increasing. At the end of the simulation, the multifunctional scenario pointed towards a recovering trend, while bio-energy seemed to achieve a steady behavior. The different behavior between species profile index and species intermingling indicates that in the bio-energy scenario, the vertical distribution of species was affected before the horizontal.
In Figs. 4 and 5, the average trends for the entire site are shown. Depending on the scenario, distinctive effects were observed along the territory. In the following, we show these effects for a subset of the site in the area of Zusmarshausen (see subset in Fig. 3) .
In Fig. 6 , four maps are shown for the bio-energy scenario. During the first 15 years (three periods), species profile index values remained rather stable. However, afterwards, we observed a rapid loss of diversity. Nevertheless, local differences could be observed, as some areas remain more resilient, already visible after 15 years. This effect produced islands of diversity, and interconnectivity was reduced over the simulation periods.
In Fig. 7 , analogue maps for the multifunctional scenario are also shown. In this case, the rapid decrease of the bio-energy case was not observed. The mean values over the study area remained very stable, and a tendency increasing the area with the highest values was observed. Thus, connectivity between islands of diversity was improved, especially noticeable after 30 years ( Fig. 7-middle-right) . The range of values from the index A moved from areas with values that represent monocultures and homogenous stands to values characteristic from highly diverse forest (typical from mountain-mix-forests). At 30 years' time, it is especially noticeable that high average values (light green) were dominant. However, after this point until 50 years, average values became dominant and generally lower than at the maximum achieved at 15-30 years. This was translated into medium-high diversity values that remained stable and distributed homogenously over the site.
Results for differentiation using the species intermingling index are displayed in Figs. 8 and 9 . We have observed similar patterns, as in the case of the species profile index, although with a constant decrease as expected from the mean values shown in Fig. 5 .
Species intermingling index characterizes only the diversity along the horizontal dimension. Therefore, and especially in the bio-energy case, where thinnings from below are performed with higher volumes and at lower dbh, more drastic impacts in the results of this index were observed. We have also observed the same island behavior where high values remain but isolated from the rest of the area. However, this pattern was also present in the multifunctional scenario, indicating that the horizontal mixture of tree species does not change as fast as in the mixture in the vertical dimension. Particularly different is the decreasing trend present in the species intermingling in comparison with the species profile index in the multifunctional scenario. After 15 years, some areas decreased rapidly to later increase up to average values after 30 years, especially noticeable in the lower-right corner. We could also observe a general homogenization trend across the area towards average values, being slightly higher and more homogenous in the multifunctional scenario than in the bio energy scenario.
Ecosystem analysis
In Fig. 10 for Zusmarshausen and Fig. 11 for Ottobeuren, we show the influence of scale in the estimation of species differentiation parameters, for six different and randomly chosen locations/growing paths. In both figures, the variation among paths on the first steps of aggregation (small windows) was high and it was reduced rapidly. However, in Zusmarshausen, it remained oscillating and slowly approaching the mean at approx. 2500 ha. In Ottobeuren right after~100 ha, all paths converged very close to mean. We could also observe that the final mean, as well as the maximum and minimum values, was higher in Zusmarshausen than in Ottobeuren, confirming that a higher proportion of diverse forests is present in the first site with respect to the second.
In Fig. 12 , we display the results of the growing window test for the species profile index, for the multifunctional and bio-energy scenarios, after 15 and 30 years. With the first results, we could observe that, on the one hand, after three simulation periods, that is 15 years, in the multifunctional case, the mean species profile index remained constant. On the other hand, the fluctuations at mid-scales were reduced, even if the maximum values at the finest scale tended to grow. This indicated a general homogenization at this scale, with higher values at the alpha-diversity scale, but general reduction in diversity at the beta-diversity dimension. This trend was even more evident after 30 years, when the mean value even lightly increased.
In Figs. 13 and 14, we have estimated the mean and 95% confidence intervals, absolute and normalized to the mean, respectively, for the ten random paths displayed in Figs. 10 and 11 . The amplitude of the confidence interval, defined by the standard error, varies depending on the widow size. For all cases, the amplitude was maximum at the smallest scale and approaches 0 at the maximum, where all paths converge at the mean of the site. However, we could observe differences along the path, which are site and variable (species profile index, or intermingling) dependent. Main differences were observed in the converging speed, which was already pointed out for Figs. 10 and 11.
In Zusmarshausen in the case of the species profile index, the amplitude of the confidence interval remained constant with just a local minimum at 450 ha, while in Ottobeuren, it decreased rapidly, already converging at 250 ha, and remaining narrow from this point on. For the species intermingling, tendencies were similar but with some clearer differences. In Zusmarshausen, the amplitude was wider and decreases monotonically until it converged at the maximum site's area, while in Ottobeuren also a minimum at~250 ha was achieved converging at 1000~ha, similarly to the species profile index.
Discussion
Single-tree model structure sensitivity
Being SILVA a single-tree simulator where the location of all trees is known, structural indicators, which are closely connected with biodiversity, could be estimated directly from the tree lists that the simulator provides at each simulation period, in contrast to simulators based on stand variables, which would have strong limitations analyzing structures that arise from the distribution of individual trees. Moreover, as the connection to biodiversity is based on the distribution at tree level of certain species or their intermingling, this issue arises to be of capital importance for works like this, and for their future development (Crookston and Dixon 2005; Fahlvik et al. 2014; Pretzsch et al. 2017 Pretzsch et al. , 2002 .
The results we obtained showed the high sensitivity that simulations show across the entire ecosystem unit. Even if up to now each inventory point is not simulated independently but in strata, the evolution of each region on the ecosystem scale remained very realistic, as we will describe in detail in the following. Moreover, the management practices which we chose for each scenario followed the expected trends. It is especially significant to observe the very different diversity scenarios after 
Impact of treatments in the output diversity indicators
Management operations, i.e., thinning types, intensity, and final felling, were selected in order to achieve specific timber demands for each scenario. Thus, diversity outputs were a consequence and not the management goals. This means that our intention was to evaluate the impacts that management decisions within the society/economic environment have on biodiversity, seen as an ecosystem service. Our results showed the tendencies for a first simulation period of 50 years, even if the intention of this study is to show long-term simulations, which was enough to allow an assessment of management effects on habitat biodiversity (Griesser and Lagerberg 2012) .
The consequences derived from the selected management scenario were clearly appreciated. On the one hand, the selection of conservative management principles, summarized in the multifunctional scenario, clearly maintained sustainable high levels of diversity, which generally improved in the entire site, increasing connectivity areas with the highest levels of species profile index. This scenario favored especially late rotations with future tree thinning strategies, promoting species mixture and multi-layering while preserving constant standing volumes. On the other hand, management strategies that change the forest ecosystem into a bio-energy-dominated scenario, the diversity represented by the species profile index, dropped drastically. The management guidelines (see the "Frame scenarios from the GLOBIOM model" section) stablished in this scenario generated a quick timber extraction during the first periods, accelerating the decrease in diversity. Forest structure became more homogenous as big diameters were not needed and conifers, which grow faster and are more suitable for the industry, were promoted.
The combination of added information from the two differentiation indices was complementary and useful in the interpretation of two effects: the increase of species mixture along the vertical dimension, which is mainly contained in the species profile index, together with the clustering of species within stands or local management units, which is explained by the species intermingling index. We observed that even if clear differences in species profile index were observed between management types, both had similar effects in the species intermingling, i.e., reducing the diversity on the horizontal dimensions. Thus, we concluded that management had a homogenizing effect in the mid-term, but probably experimenting higher changes at the rotation period.
Diversity across the ecosystem, management implications
The ecosystem dimension showed the importance of scale for diversity estimations. Being AWF a known, a priori, diverse forest ecosystem, we could test this fact, even when comparing the areas of Zusmarshausen and Ottobeuren, two differently managed enterprises in the AWF region. The growing window test offered information depending on how fast the window tended to meet the mean value of the test site. Thus, depending on the diversity patterns, this fluctuated across different scales until it reached the mean. Using values from the species profile index, in the very diverse experiment on Zusmarshausen, the window needed to reach almost 2000 ha to meet the mean, and the difference between the finer and middle-coarse scales doubled the mean, indicating not only the presence of highly diverse stands but also a high within-stand heterogeneity. A direct comparison with the test performed in Ottobeuren showed, in fact, the opposite diverse conclusions, as it was expected from the management objectives. In this case, the average in the window approached quickly the mean for all the paths, indicating a very low diverseness at all considered scales, that is a lower mean and homogenous conditions all over the site.
Taking into account the different information contained in the two differentiation indices, we could also study the horizontal and vertical structure influence in the distribution of diversity across scales, until the ecosystem level. The clearest difference was identified when comparing the starting situation for Zusmarshausen and Fig. 12 Growing window plots for species profile index in Zusmarshausen for the multifunctional scenario on the left panel and bio-energy on the right. On the top after 15 years and on the bottom after 30 years. Note that for a better display, the y-axis for the bio-energy scenario after 30 years is set from 0 to 1 Ottobeuren. As expected, the species profile index converged much faster in Ottobeuren than in Zusmarshausen, indicating that the vertical distribution of species is relatively homogenous in the entire site. However, in the case of species intermingling, Ottobeuren remained more diverse in middle scales (400-1000 ha) indicating a patchy distribution of stands with different degrees of intermingling. This also leads, as Gamfeldt et al. (2013) points out, to a potential reduction of services in areas like Ottobeuren, because different species correlate with different services, indicating that monoculture practices will lead to reduced provision of at least some of the services.
Management that enhances uneven aged structures like in the multifunctional scenario showed that high levels of medium to high local (alpha) diversity could be maintained steadily over time, and therefore keeping structures with great potential for high local floristic diversity (Bagnaresi et al. 2002) . We also observed that in the multifunctional scenario, the management units at a broader scale became more homogenous due to uneven-aged management (Schall et al. 2017 ). This happened at the same time that the overall indices increase, especially the species profile index, which indicated an increase of diversity in the local (alpha) scale. Thus, it means that all species were distributed and mixed rather equally over the territory. Several studies (Brokaw and Busing 2000; Griesser and Lagerberg 2012; Schall et al. 2017; Whittaker et al. 2001) suggest that some species require heterogeneous niches for survival, so such kind of management applied to the entire territory, even if improving the average diversity, may harm the distribution of such species. Therefore, forest management needs to evolve into considering the ecosystem level, when the optimization of both local and regional diversities is a priority. Accordingly, with the results obtained by the simulations carried out during this work, we can suggest that forest management strategies that take place at the local level need to be adapted after relatively short periods of time, in order to improve heterogeneity at the ecosystem scale. Thus, not only paying attention to average levels but also to spatial features that are only visible at these scales, this analysis also showed that we could potentially derive a proxy to alpha and beta diversity, at least relatively between sites and bidirectional (micro to macro scale and vice versa) (Whittaker et al. 2001) . The variation in the mean species profile index offered an accurate description of the sites heterogeneity. Moreover, conclusions regarding gamma diversity could be accessed by comparing the two test sites, if these are considered as different communities.
Conclusions
Single-tree forest simulators like SILVA can simulate spatially explicit forest structures. The simulation of scenarios based on realistic management strategies, which depend on the socioeconomic conditions, is a great tool to analyze in an objective manner potential effects and future trends in species diversity. Future models may directly connect the diversity-oriented forest structure parameters, like the ones shown in this work, and variables generated from (meta)population models. At this respect, we demonstrated that differentiation indexes Fig. 13 Confidence interval plots for Zusmarshausen (on the left) and Ottobeuren (on the right). The blue line represents the mean value for each of the growing window paths (see Fig. 12 ) and the dashed lines the 95% confidence interval boundaries can be effectively modeled and have the potential to complement traditionally used forest structure parameters (basal area, dominant height, volume, etc.) .
In very productive regions under high urban pressure like AWF, where multiple ecosystem services are sought, management scenarios had a high impact on the structure and biodiversity and, therefore, silvicultural practices can strongly influence the overall diversity distribution, not only for the local scale, but also for the whole forest ecosystem. The scale implications were translated into ecosystem patterns that can be not only a consequence but also an objective of management. Therefore, analyses like the ones shown in this study can be integrated in the implementation of management plans with diversity of objectives at the ecosystem scale and which can respond to different interests within the stakeholder community.
Conclusions and recommendations, based on Central European forest data, towards sustainable ecosystem management can be drawn at each simulation step (for any time horizon), and, therefore, management strategies can be adapted to achieve sustainable and profitable exploitation of forests and contribute to the study of diversity patterns within the forest component of the Fig. 12 ) and the dashed lines the 95% confidence interval boundaries landscape. Furthermore, an understanding of future changes in forest structures resulting from defined management objectives can also contribute to satisfy changing societal needs, which demand multiple use of forests while sustaining species diversity.
Abbreviations AWF: Augsburg Western Forests; BaySF: Bavarian State Forests (in German: Bayerische Staatsforsten); BWI: German National Forest Inventory (in German: Bundeswaldinventur); Con: Coniferous; Dbh: Diameter at breast height; Dec: Deciduous; SFM: Sustainable forest management
